We have developed a novel analyte injection method for the SensíQ Pioneer surface plasmon resonancebased biosensor referred to as ''FastStep." By merging buffer and sample streams immediately prior to the reaction flow cells, the instrument is capable of automatically generating a two-or threefold dilution series (of seven or five concentrations, respectively) from a single analyte sample. Using sucrose injections, we demonstrate that the production of each concentration within the step gradient is highly reproducible. For kinetic studies, we developed analysis software that utilizes the sucrose responses to automatically define the concentration of analyte at any point during the association phase. To validate this new approach, we compared the results of standard and FastStep injections for ADP binding to a target kinase and a panel of compounds binding to carbonic anhydrase II. Finally, we illustrate how FastStep can be used in a primary screening mode to obtain a full concentration series of each compound in a fragment library.
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Fragment compound screening using surface plasmon resonance (SPR) 1 -based biosensors is becoming a common method of kick-starting drug discovery programs. Compared to structure-based methods, label-free biosensor technology is more rapid and provides more information about specificity while requiring less target protein and lower amounts of compounds [1] . However, the growing interest in biosensor-based fragment screening has increased the demand for higher throughput. In order to improve the throughput of biosensors in general, we previously developed and validated novel injection methods like ''one-shot kinetics" [2] and ''kinetic titrations" [3] . In this paper, we introduce a variation of the kinetic titration method we call ''FastStep" injections. The FastStep method involves injecting an analyte series from low to high concentration without buffer segments in between. This increases the speed of the assay compared to kinetic titrations, hence the term FastStep. In addition, the concentration gradient is automatically created within the instrument, thereby providing additional benefits as we will describe below.
The FastStep method has been incorporated into a new SPRbased biosensor from ICX Technologies called SensíQ Pioneer. Many of the hardware features of SensíQ are similar to those in the commonly used Biacore instruments. Both Biacore and SensíQ are flow cell-based systems (SensíQ has three flow cells which can be addressed independently or in a series and in either direction) with an injection-based autosampler. And similar to many Biacore instruments, the fluidic system in SensíQ is based on two syringes, one for running buffer and one for sample delivery (Fig. 1A) .
Both Biacore and SensíQ are capable of performing what we refer to as ''standard" injections. As shown in Fig. 1B , a standard injection creates an analyte concentration profile that is essentially square shaped or nearly so depending on the flow cell configuration and flow rate. The flow from the buffer syringe is turned off when the analyte is being injected. At the end of the association phase the analyte flow is stopped and the system switches back to flowing buffer, which returns the analyte concentration in the flow cell to zero.
However, unlike Biacore instruments, SensíQ Pioneer is capable of mixing the buffer and sample streams immediately prior to the entrance of the flow cells. This feature makes it possible to vary the analyte concentration during an association phase. Using this approach the instrument is capable of automatically generating any shape of concentration profile; for example, going from low to high or high to low concentrations and in linear or nonlinear gradients. For step-gradient analyses, SensíQ Pioneer has been preprogrammed to run either a twofold or a threefold dilution series (with seven or five steps in concentration, respectively) by adjusting the flow rates from the buffer and analyte syringes at the appropriate time as shown in Fig. 1C .
We have also developed analysis software that provides the option of using the injection profile of sucrose to accurately define the 0003-2697/$ -see front matter Ó 2010 Elsevier Inc. All rights reserved. doi:10.1016/j.ab.2010.08.024 concentration gradient throughout the injection series. To illustrate and validate the FastStep approach we use carbonic anhydrase II and a set of sulfonamide-based inhibitors which we have characterized previously using other technologies [4] [5] [6] [7] [8] [9] . We then apply the FastStep method to screen fragments against a kinase target. The results illustrate how, by increasing sample throughput and decreasing sample preparation time, this approach addresses two bottlenecks in primary and secondary SPR-based fragment screening.
Materials and methods
SensíQ Pioneer, COOH5 sensor chips, Qdat software, and coupling reagents were from ICX Technologies (www.discoversensiq.com). Carbonic anhydrase II (CAII), all sulfonamides, adenosine diphosphate (ADP), sucrose, HEPES, NaCl, MgCl 2 , and general laboratory reagents were purchased from Sigma Aldrich (www.sigmaaldrich. com), sulfo-NHS-LCLC-biotin and streptavidin from Pierce (www. piercenet.com), and the Superdex-75 gel filtration column from GE Health Sciences (www.gehealthcare.com). The target kinase and a 320-compound fragment library were provided by Genzyme Corporation (Waltham, MA).
Sucrose FastStep
A COOH5 sensor chip was installed in the SensíQ Pioneer system, normalized with air, and primed with running buffer (10 mM HEPES, 150 mM NaCl, pH 7.4; HBS). A FastStep concentration series of sucrose (stock solution prepared at 20% w/v in running buffer) was injected seven times each using both a five-and seven-step dilution series programmed in the SensíQ Pioneer instrument. The flow rate was 250 and 200 ll/min, respectively.
The higher-than-usual flow rates are required to establish a flow rate that is 100-fold above the lowest flow rate that the sample syringe pump can reliably produce. This constraint cannot be relaxed if both a fixed injection flow rate and a 100-fold analyte dilution range are required. For data analysis, the responses were zeroed by subtracting the average of 10 s of data prior to the start of each injection.
Minimal biotinylation
CAII and the target kinase were each minimally biotinylated on ice for three hours using a equimolar concentration of sulfo-NHS-LCLC-biotin [10] . Both targets were passed through a Superdex-75 gel filtration column to remove any free biotin.
Streptavidin immobilization and target capturing
Streptavidin was immobilized at 25°C onto a COOH5 sensor chip using standard amine-coupling methods and HBS as the running buffer. The surface was activated with 0.5 mM EDC (1-ethyl 3-(3-dimethylaminpropyl)-carbodiimide hydrochloride) and 0.2 mM sulfo-NHS (sulfo-N-hydroxysuccinimide) for 7 min, followed by a 7-min injection of streptavidin at 10 lg/ml in 10 mM sodium acetate, pH 4.5, and finally a 7-min blocking step of 1 M ethanolamine, pH 8.9. This coupling method resulted in a density $15,000 RU (resonance units) of streptavidin on all three flow cells of the COOH5 chip. Both the biotinylated CAII and target kinase were then captured to densities of $9000 RU.
Analysis of sulfonamide/CAII interactions
Sulfanilamide and 4-carboxybenzenesulfonamide (CBS) were each tested at 25°C for binding to the CAII and reference surfaces using 10 and 20 lM as the highest concentration, respectively. Each compound was tested using both the standard (with a manually prepared threefold dilution series) and the FastStep injection methods at a flow rate of 200 ll/min. Each concentration in both methods was replicated seven times to establish reproducibility. Since the responses rapidly returned to baseline during the wash phase, no surface regeneration between binding cycles was required. The response data were processed in Qdat using a reference surface to correct for any bulk refractive index changes and blank injections for double referencing [11] . The binding profiles were fit globally to a 1:1 interaction model. For the FastStep injections, a sample of 20% sucrose was used to define the concentration gradient and applied automatically within Qdat during data analysis. Each of the seven repeated experiments was fit independently to generate the experimental standard deviations reported for each data set. Eight additional sulfonamide-based inhibitors (sulpiride, 4-(aminomethyl)benzenesulfonamide, benzenesulfonamide, 1,3-benzenedisulfonamide, furosemide, dansylamide, acetazolamide, and 6-ethoxy-2-benzothiazolesulfonamide were characterized using the threefold five-step injection. Each compound was tested at 20 lM as the highest concentration and each binding test (except for the high-affinity binder, 6-ethoxy-2-benzothiazolesulfonamide) was replicated three times.
Analysis of ADP and fragment compounds
Using the standard injection method, ADP was tested at 25°C for binding to the target kinase and CAII surfaces using a twofold dilution series starting with 300 lM as the highest concentration in HBS running buffer supplemented with 10 mM MgCl 2 . The entire ADP concentration series was tested in triplicate and responses buffer sample
[analyte] at equilibrium were fit to a 1:1 interaction model to determine the binding affinity. Using twofold, seven-step FastStep injections, ADP and a set of 320 fragment compounds were tested at 25°C for binding to the kinase and CAII surfaces using 100 lM as the highest concentration. In this analysis, 3% DMSO was added to the HBS-Mg buffer and ADP was run in duplicate as a positive control at the beginning of the fragment assay and then after every 96 samples.
Response data were processed as described above and selected compounds were fit to a 1:1 interaction model.
Results

Two-and threefold FastStep injections
In order to demonstrate the reproducibility of the step gradients created within the SensíQ instrument, we took advantage of the ability of SPR to monitor the refractive index of an injected sample. Fig. 2 presents the response profiles for a FastStep threefold (five steps; shown in blue) and a twofold (seven steps; in black) dilution series of 20% sucrose. Note that each injection series is replicated seven times. The reproducibility is so high both in terms of similar start times at each step and the response level at each dilution step that it is in fact difficult to discern any differences between the replicate injections in the main panel of the figure. To provide a better view of the replicates, the inset shows a zoomed-in view of the third step within the threefold dilution series. The standard deviations in the overall response profile for both the twofold and the threefold dilution series are less than 0.3%. This demonstrates that mechanically the internal stepping function within the SensíQ instrument is highly reproducible. This also allows us to use the profile of the sucrose injection to define the concentration of an analyte throughout the entire concentration profile. This is done by automatically fitting a smooth function to the sucrose response profile to remove any systematic deviations in the response that are visible between injection steps and then applying that profile to determine the analyte concentration at any time point. A separate injection of sucrose is run in standard mode to provide a measure of the response at 100% analyte concentration.
Validating FastStep injections
Biotinylated CAII was captured to a density of $9000 RU onto a streptavidin-immobilized COOH5 sensor chip (data not shown). Two sulfonamide-based inhibitors, sulfanilamide and CBS, were tested for binding to the carbonic anhydrase II surface using the standard injection method (Fig. 3A and C) as well as with a threefold FastStep injection (Fig. 3B and D) . (Note that for the standard method, all analyte dilutions were performed manually, whereas the FastStep method simply required the preparation of a single solution of each analyte.) Each compound and injection series was tested seven times and the response data from each test was globally fit to a 1:1 interaction model to extract binding constants for each interaction. From a visual inspection of the response profiles we see that the SensíQ system produced highly reproducible data for both injection methods. The data from both methods also were well described by a simple 1:1 interaction model. The binding constants determined from the standard and FastStep injection methods are reported in Table 1 . Within experimental error, the same binding constants were obtained from the standard and Fast-
Step injection methods for both compounds.
Known CAII inhibitor screening
To further illustrate the capabilities of the FastStep injections we tested eight additional sulfonamide-based CAII inhibitors that range in affinity from less than a nanomolar to $50 lM. As expected, the shapes of the steps within an injection series varied depending on the binding kinetics (Fig. 4) . These profiles are arranged from the weakest binder (sulpiride, A) to the tightest (6-ethoxy-2-benzothiazolesulfonamide, H). Seven inhibitors were tested three times and the overlays of the response profiles (red, blue, and black) demonstrate that they were all very reproducible. The highest-affinity compound, 6-ethoxy-2-benzothiazolesulfonamide, was only tested once since even at the lowest concentration step the binding sites were saturated and the compound dissociated slowly from CAII (therefore, replicate tests would require regenerating the surface between the tests). As listed in Table 1 , the FastStep binding constants determined for this set of compounds are consistent with the values determined using other instruments, including BioRad ProteOn XPR36 (2) and from a benchmark study involving Biacore platforms (8) .
ADP binding to a target kinase
To further validate the application for the FastStep approach, we biotinylated a target kinase protein and captured it onto a COOH5 sensor chip at a density of $9000 RU. As a preliminary test for binding activity, we injected ADP in a twofold dilution series with 300 lM as the highest concentration using standard injections. As shown in Fig. 5 , the seven-concentration dilution series was injected over the kinase and CAII surfaces and replicated three times. Binding responses were detectable, concentration dependent, and reproducible on the kinase surface (Fig. 5A ) but no reliable ADP binding was observed on the negativecontrol CAII surface (Fig. 5B) . The dissociation rate for the ADP/ kinase complex is very fast with the response returning to baseline immediately during the dissociation phase. As shown in Fig. 5C , the equilibrium response data fit well to a 1:1 interaction model and the triplicate repeats of the assay yielded an average K D of 43 ± 6 lM. Table 1 Binding constants determined at 25°C. (2) Biacore (8 
Fragment screening with FastStep injections
Having demonstrated that the kinase surface was active for nucleotide binding, we next set up a fragment screening assay for 320 compounds. Each compound was tested starting at 100 lM in a twofold, seven-step FastStep series. As a positive control, ADP was tested twice at the beginning of the assay and again in duplicate after the 96th, 192th, and 288th samples. Fig. 6 shows the overlay of the binding responses for the ADP repeats throughout the screen. Several points are important to note in this figure. First, the duplicate analyses of ADP at each time point overlay well, demonstrating the reproducibility of the injections when tested back to back. Second, the ADP responses collected after every 96 samples are about 20% lower in response intensity. This signal decrease over time corresponds to a gradual decay of the kinase surface activity; the ability to track the activity of the surface throughout the screen is vital for accurate comparison of hits identified in the early and late stages of the screen [12] . Third, despite the kinase's gradual loss in binding activity, the data for each ADP FastStep injection fit well to a 1:1 interaction model (indicated by the red lines in Fig. 6 ). The affinities determined for the replicate assays averaged 41 ± 2 lM, which matches the affinity determined from the standard-injection analysis (Fig. 5) .
Between the ADP binding tests, we collected FastStep data for a total of 320 fragment samples. Fig. 7A and B show the responses from 96 samples injected over the CAII and kinase surfaces, respectively; some compounds bound specifically (and with a range of affinities) to the CAII surface and others bound to the kinase surface. To examine these responses in detail, we present examples of isolated plots for 10 compounds in Fig. 8 .
Plots A, B, and C in Fig. 8 highlight the responses from compounds that appear to specifically bind to the CAII surface (shown by black lines) and do not show significant binding to the target kinase surface (blue lines). The responses were fit well by a 1:1 interaction model (shown as red lines), which was used to extract the binding constants reported within each plot.
Plot D in Fig. 8 shows an example of a compound that appears to bind equally to the CAII and kinase surfaces. Nonspecific protein binders like this one are fairly commonly encountered when fragment screening. Data like these emphasize the importance of screening fragments against multiple targets. Plots E to J in Fig. 8 are responses from six compounds that appear to bind specifically to the kinase surface. Note that most of these response intensities are not particularly large. The low signals are a combination of the small size of the fragments, their low affinity, and the fact that, in some cases, by the time they were assayed the kinase surface had lost significant activity (demonstrated by the periodic ADP tests). Global fits of the Fast-
Step concentration series are shown by the red lines with the resulting binding constants inserted within each plot. Dissociation rate constants faster than 2 s À1 should be considered as estimates since there may not be enough separation between the binding response and the start of the wash-out phase to accurately define this binding parameter. However, in these cases there are response data at equilibrium for each step in the concentration series, which helps to accurately define the K D . The responses for the compound shown in plot J clearly display a slower decay from the kinase surface compared to compounds E to I.
Discussion
The FastStep injection method is designed to streamline biosensor assays by testing a full concentration series of analyte in one injection. Importantly, the concentration series is created directly within the SensíQ Pioneer biosensor system itself. The user simply prepares a single (the highest) concentration of the analyte to be tested. This saves preparation time, saves space in sample plates, and likely reduces pipetting errors. The user can choose to use either a two-or threefold dilution series with seven or five steps, respectively. These dilutions effectively span a 100-fold concentration range for the analyte. Because of the mechanics of the injection system, the time between each step is set to 26 and 30 s for the two-and threefold steps, respectively. The user may select any amount of dissociation-phase time and can include standard regeneration injections. The Fast-
Step method utilizes an injection of a highly refractive sample such as 20% sucrose to define the exact gradient that is created during the association phase. We showed that this gradient is extremely reproducible due to the accuracy of the stepper motordriven syringe pumps. An advantage of SPR is that we can use the response for sucrose to define the concentration gradient for the analyte during data analysis. We have developed the Qdat software to apply this gradient automatically to the analyte injections during data analysis.
We used CAII to validate the FastStep injection approach since it is well characterized, stable, and readily available. Also since the SensíQ instrument, as we demonstrated in Fig. 2A and C, can also perform the standard injections (like those obtained from other biosensor platforms) as well as the FastStep injections, we could directly compare the two injection approaches. We found similar kinetic parameters for both injection methods. Further we showed that the binding affinities determined for a set of sulfonamidebased compounds correlated well with measurements made previously with BioRad's ProteOn system as well as from a multiuser benchmark study performed using Biacore. Together these results validate the new injection method.
In many respects, the kinase system we used to test fragment screening with FastStep is typical of the challenges we face in real-world applications. The binding of the control ADP showed that the kinase surface lost about 20% of its activity over every 96 cycles. Since each FastStep binding cycle required about 4 min, the time between the ADP control tests was just over 6.5 h. We did not observe a significant loss in ADP binding activity for the replicate tests of the standard injections (Fig. 5A and C) because these assays were recorded over a short period of time.) The advantage of the FastStep injections is that a full concentration series is collected within a short period of time for each analyte. Therefore, as we demonstrated for ADP, the loss in overall binding activity does not affect the affinity determination as each profile may be fit independently.
We identified a number of relatively tight binders to the CAII surface from the fragment screen (in fact, three ranged in affinity from 18 to 0.9 lM). Each was found to contain a sulfonamide group, which is a common feature of CAII inhibitors. In fact, we often use CAII as a control protein in fragment screens since it is easy to identify hits from a library that contain sulfonamides, which helps validate that the screening assay is working even if no positive hits are evident from the target surface.
In this fragment screen we found a number of potential binders to the kinase surface with affinities around 100 lM. While these are not exceptionally tight, they are typical affinities obtained from a primary screen of a fragment library and could provide a good starting point for further development. We are currently investigating compound/target complex formation using structural analysis. Screening 320 compounds using the FastStep twofold dilution series required a little over 24 h to complete. The added information provided by the full concentration series helped to identify and characterize the binding affinity of the potential hits. Depending on the size of the fragment library, one may choose to run the primary and/or follow-up screens using the FastStep approach. Finally, automatically diluting samples within the instrument greatly simplifies sample preparation and represents a significant improvement in biosensor assay automation.
